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ABSTRACT: Achiral N-propargylalkylamides (1a-1g, HCtCCH2NHR) having various alkyl groups (R
) CH3, C2H5, C3H7, i-C3H7, i-C4H9, n-C5H11, n-C7H15) were homopolymerized or copolymerized with a
chiral comonomer, (R)-N-propargyl-3,7-dimethyloctanamide (2), in the presence of a Rh initiator to
establish the relationship between the main-chain conformation and the structure of the pedant groups.
1H NMR and viscosity measurements of the homopolymers revealed that the structure of the pendant
groups markedly influences the rigidity of the polymer backbone and the stability of the helical
conformation. The copolymerization using the achiral comonomers having linear or R-branched alkyl
groups showed poor or no cooperative effects on the helical conformation, meaning that these polymers
exist in a disordered state. On the other hand, a stable helical conformation, i.e., a long persistence length
of the helical domain, was attainable for the polymer having â-branched alkyl chains (poly(1e), R ) i-C4H9),
which was evidenced by a clear, positive nonlinear relationship between the feed ratio of 1e to 2 and the
optical rotation of the copolymers. UV-visible spectroscopic studies demonstrated that, in CHCl3, the
helical and disordered main chains display absorption centered at 400 and 320 nm, respectively, which
resulted in different colors in solution of the helical (yellow) and disordered (achromic) polymers.
Thermochromism was achieved by the thermally induced reversible conformational change between helical
and disordered states. The thermodynamic parameters (∆Gr, ∆Hr, and ∆Sr) that govern the stability of
the helical conformation of a copolymer were estimated by the temperature dependence of the populations
of the helical and disordered states using UV-visible spectra.

Introduction

Natural biopolymers, such as protein1 and DNA,2
frequently have helical conformations. These three-
dimensionally ordered structures contribute signifi-
cantly to the specific functions that maintain the living
systems. Advances in polymer synthesis have produced
a variety of well-ordered helical polymers,3 including
polyisocyanates,4 polyisocyanides,5 polychloral,6 poly-
(alkyl methacrylates) with bulky substituents,7 polysi-
lanes,8 polyacetylenes,9,10 and polythiophenes.11 These
helical polymers possess rigid or semiflexible main
chains, which contributes to the stability of their helical
conformation. On the other hand, polymers with flexible
backbones cannot maintain a helical conformation in
solution. Induction of a helical conformation in flexible
polymers uses very bulky pendant groups that stiffen
the backbone due to their steric repulsion. For example,
poly(triphenylmethyl methacrylate) has a stable helical
conformation, while poly(methyl methacrylate) is ran-
domly coiled in solution.7 Thus, synthetic polymers
utilize only van der Waals interactions for induction of
the helical conformation.

In contrast, the conformation of biopolymers, such as
R-helical polypeptides, is induced and stabilized by both
hydrogen bonds and van der Waals interactions. Par-
ticularly, well-arranged intramolecular and/or intermo-
lecular hydrogen bonds contribute significantly to the
secondary conformation. Unfortunately, the arrange-
ment of hydrogen bonds in synthetic macromolecules
is very difficult except for synthetic DNAs and polypep-
tides. Only a few examples have been demonstrated so
far,12-14 in which the hydrogen bond plays a very

important role for the secondary structure of several
synthetic polymers.

This background motivated us to synthesize polymers
with biomimetically stabilized helical conformation, and
we recently reported that, by construction of intramo-
lecular hydrogen bends between the pendant groups, a
helical conformation can be induced to substituted
polyacetylene.15 Generally, the polymers from mono-
substituted aliphatic 1-alkynes are too flexible to adopt
a helical conformation unless they have very bulky
substituents.16 However, a poly(N-propargylalkylamide),
poly(2), which has chiral substituents linked by the
amide groups, possesses a semiflexible main chain and
exists in a helical conformation with an excess of one-
handed screw sense (Scheme 1). This helix preference
of poly(2) is contributed by the hydrogen bonds that
were spectroscopically evidenced to be intramolecularly
located between the pendant amide groups.15

Since the intensity of chiroptical properties of poly-
(2) reversibly changes with temperature,15 the helical
conformation of poly(N-propargylalkylamides) in solu-
tion is dynamic. Like polyisocyanates, polysilanes, poly-
(propiolic esters), poly(N-propargylalkylamides) readily
undergo the helix-helix and/or helix-random coil tran-
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sition in solution. Thus, an individual polymer chain
contains both helical and disordered domains, and the
stability of the helical conformation, i.e., the population
of the helical state, depends on the free energy difference
(∆Gr) between the helical and disordered, randomly
coiled conformations.17 In the present study, we focused
on the effects of the side chain structure on the stability
of the helical conformation of poly(N-propargylalkyl-
amides). To explore these effects, we copolymerized
various N-propargylalkylamides (1a-1g) with a chiral
comonomer, (R)-N-propargyl-3,7-dimethyloctanamide (2).
Such chiral/achiral copolymerization allows elucidation
of the helix stability.18 We also studied in detail the
UV-visible spectroscopy of the resultant copolymers
and homopolymers, which led to a finding that a simple
UV-visible spectroscopic technique allows distinction
between the helical and disordered states. By using the
UV-visible spectra, we determined the thermodynamic
parameters governing the stability of the helical con-
formation, by which the profile of the helical conforma-
tion of poly(N-propargylalkylamide) is discussed.

Results and Discussion

Homopolymers of Various N-Propargylalkyl-
amides. The monomers (1 and 2) examined in the
present study are illustrated in Scheme 1. The homo-
polymerization was carried out in the presence of a Rh
complex, (nbd)Rh+[(η6-C6H5)B-(C6H5)3]19 (nbd ) 2,5-
norbornadiene), because Rh initiators give good yields
of substituted polyacetylenes with excellent cis-tran-
soidal stereoregularity16 and because the stereoregula-
tion to the cis geometrical main-chain structure is
indispensable for the construction of helical substituted
polyacetylenes.10 Table 1 tabulates the results of the
homopolymerization. Although the polymerization was
conducted for 1 h, the polymerization is likely to be
completed within a few minutes: the addition of the
monomer to the initiator solution resulted in a rapid
increase in the viscosity and temperature of the polym-
erization solution. The homopolymer from 1a was
insoluble in organic solvents and partly (ca. 80%) soluble
in water and methanol. Poly(1b) also partly dissolved
in water and showed high solubility in a variety of
solvents including CHCl3, THF, methanol, DMF, and
DMSO. Generally, the polymers with short alkyl chains
such as poly(1b), poly(1c), poly(1d), and poly(1e) dis-
solved well in both polar and nonpolar solvents, and
those having long alkyl chains were soluble in nonpolar
solvents. The solubility of the homopolymers is sum-

marized in the Supporting Information. Attempts to
prepare polymers having very long linear alkyl chains
such as n-C9H19 and n-C11H23 groups resulted in in-
soluble polymers. Polymers having a branched structure
at the â-position to the carbonyl group [poly(1e) and
poly(2)] gave a bright yellow solution in CHCl3, while
the diluted CHCl3 solutions of the other homopolymers
were almost achromic.

The effects of the pendant groups of poly(N-propar-
gylalkylamide) were first recognized in their 1H NMR
spectra. The 1H NMR spectra (expanded) of several
homopolymers [poly(1b), poly(1e), poly(1f), poly(1g), and
poly(2)] in CDCl3, and some peak assignments are
illustrated in Figure 1. As seen in Figure 1, a slight
structural variation in the side chain caused a pro-
nounced change in the mobility, i.e., the flexibility of
the main chain. For example, poly(1b), having short
linear pendant groups, displayed clear signals even at
low temperature (19 °C), indicating its high main-chain
mobility. In a similar way, well-resolved 1H NMR peaks
were observed for poly(1c). Cis-transoidal stereoregu-
lar-substituted polyacetylenes obtained with Rh initia-
tors exhibit well-resolved signals attributed to the vinyl
proton around 6-7 ppm.16c Thus, a reasonable peak
assignment is possible as illustrated in Figure 1a.
Comparison of the integrated intensity of the vinyl and
NCH2 peaks concluded that the cis stereoregularities
of poly(1b) and poly(1c) were quantitative.20 On the
other hand, the peaks of the protons close to the main
chain were very broad for the polymers having long
linear side chains [poly(1f) and poly(1g)]. The half-
height line widths (ν1/2) of the vinyl and N-H protons
of these polymers were much larger than those of poly-
(1b) and poly(1c) (Table 1). However, the 1H NMR
spectra of these polymers at high temperature (55 °C)
provided well-resolved signals attributed to all of the
protons,15 and the cis stereoregularity was confirmed
to be quantitative using the 1H NMR spectra. Thus, the
broadening of the NMR resonance of poly(1f) and poly-
(1g) at 19 °C is due not to the lower stereoregulation
but to the limited mobility of their main chain. Intro-
duction of a branch at the position â to the carbonyl
group more significantly rigidifies the polymer back-
bone. For example, the N-H and vinyl protons of poly-
(1e) cannot be clearly detected at 19 °C as shown in
Figure 1, and well-resolved resonances were not attain-
able even at 55 °C. Similarly, the half-height line width
of the vinyl proton of poly(2), which possesses long alkyl
chains with a â-branched structure, was almost 1 order
of magnitude larger than that of poly(1b) (Table 1), and

Table 1. Homopolymerization of N-propargylalkylamides
(1 and 2) Having Various Substituents

ν1/2
b (Hz)

monomer
yield
(%) Mn

a Mw/Mn
a vinyl N-H Rc

1a 99d 7100e 9.96e

1b 89d 10000 1.44 11 20
1c 90d 8700 2.14 12 24
1d 51d 8700 2.23 0.74
1e 86f 9500 1.66 0.83
1f 77g 18000 2.24 30 69 0.76 (0.98)
1g 63g 14000 1.26 33 58
2 62g 8100 1.68 98 0.91

a Estimated by GPC (THF, PSt standards). b Half-height line
widths of 1H NMR resonance in CDCl3 at 19 °C. c Viscosity index
in THF at 40 °C. The value in parentheses was measured in THF
at 30 °C. d Ether-insoluble part. e Water-soluble part. Estimated
by GPC (H2O, PEO standards). f Hexane-insoluble part. g Metha-
nol-insoluble part.

Figure 1. The 1H NMR spectra of poly(1b), poly(1e), poly-
(1f), poly(1g), and poly(2) in CDCl3 at 19 °C.
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the 1H NMR measured at 60 °C showed broadened
signals.21 These results mean that the main chain of
poly(1e) and poly(2) is stiffer than that of the other
polymers carrying linear or R-branched side chains, thus
contributing to the thermal stability of the helical
conformation of poly(2).15

Using the viscosity index (R) of [η] ) κMR in the
Mark-Hauwink-Sakurada plot, where [η] is the in-
trinsic viscosity and M is the absolute molecular weight
based on the universal calibration curve, the rigidity of
the polymer backbone can be discussed in detail. The
viscosity indexes of the polymers (Table 1) were mea-
sured at 40 °C owing to the unsatisfactory solubility of
poly(1c), poly(1e), and poly(2) at 30 °C. The R value of
poly(1f) at 40 °C (0.76) may convince one that it
possesses a flexible main chain.22 However, as described
below, the conformation of poly(N-propargylalkyl-
amides) is very sensitive to temperature because of the
very large entropy loss for the transition from the
disordered to the helical conformation. Hence, the
helical conformation rapidly decomposes by thermal
stimuli. Indeed, the viscosity index of poly(1f) at 30 °C
(0.98) is much larger than that at 40 °C, which means
that poly(1f) is a semiflexible polymer below 30 °C.22 It
is interesting that the introduction of a branched
structure to the position â of the carbonyl group is
effective to rigidify the polymer backbone. Specifically,
although the R value of poly(1d) (0.76) having i-Pr units
was almost the same as that of poly(1f), poly(1e) bearing
i-Bu groups exhibited a large value (0.83). The polymer
from 2, which has a â-branched, long alkyl chain,
showed higher R value than other polymers. The data
based on the 1H NMR and viscosity measurements
reveal that the rigidity of poly(N-propargylalkylamide)
increases by increasing the length of the alkyl chain and
introducing a branch to the â-position of the carbonyl
group.

The effects of the structure of the pendant groups
were also found in the rate of the H-D exchange
reaction of the amide proton. For example, the amide
protons in the homopolymers having short alkyl side
chains [poly(1b)] were substituted by deuteriums almost
completely in a CDCl3-CD3OD mixed solvent (CDCl3/
CD3OD ) 90/10 wt/wt) within 3 h (Figure 2). On the
other hand, this reaction was apparently slow for the
polymers with long linear alkyl side chains [poly(1f) and
poly(1g)]. Furthermore, only 10% of the protons were
replaced for the polymers [poly(1e) and poly(2)] having

a â-branched structure on this time scale. All of the
homopolymers showed the amide I absorption at 1637
cm-1 in CHCl3, and no absorption attributed to the free
amide group was detected. In a similar way, only
hydrogen bonded N-H frequency was detected in the
IR spectra for all of the homopolymers. This indicates
that the side chain amide groups exist in an aggregated
form irrespective of the side-chain structure. Thus,
introduction of the â-branching structure is enough to
shield the hydrogen-bonded amide groups from the
solvents and consequentially to stabilize the hydrogen
bond.

Copolymerization. To estimate the stability of the
helical conformation of poly(N-propargylalkylamide),
the achiral and chiral comonomers 1 and 2, were
copolymerized under similar conditions as for the ho-
mopolymerization. The results of the copolymerizations
are summarized in Table 2 in the Supporting Informa-
tion. All of the copolymers were soluble in common
organic solvents, except for poly(1a-co-2) having low feed
content of 2.23

Figure 3 plots the optical rotation of the copolymers
against the feed content of 2. The optical rotation is
amplified in polymers with a stable helical conforma-
tion, that is, a large population of the helical domain
and hence very low frequency of helix reversal. Intro-
duction of a small amount of a chiral segment can
provide an excess of one-handed screw sense and,
consequently, very large chiroptical properties. There-
fore, the chiroptical properties and the content of a
chiral segment have a positive nonlinear relationship.
In contrast, if the helical conformation is unstable, the
chiroptical properties of the chiral/achiral copolymers
should be identical to or lower than those linearly
calculated from the chiral comonomer content.

As shown in Figure 3, the dependence of the chirop-
tical properties of chiral/achiral copolymers on the feed
ratio was strongly influenced by the structure of the
pendant groups. For instance, in the case of less
hindered comonomer 1a, no chiral amplification was
recognized. On the other hand, the copolymerization
using linear alkyl pendants longer than the methyl
group displayed the chiral amplification phenomenon
to some extent. For example, when the feed content of
chiral comonomer 2 was high (70-80%), the copolymers
with 1b showed optical rotations ([R]D) that are much
larger than the value linearly calculated from the feed
ratio of the comonomers. However, a further decrease
in the feed content of 2 caused a steep decrease in the
optical rotation, and almost no chirality was detected

Figure 2. Time dependence of the relative intensity of the
N-H protons to the vinyl protons for (O) monomer 1c, (9) poly-
(1b), (O) poly(1d), (0) poly(1e), (2) poly(1f), (b) poly(1g), and
(4) poly(2) in a mixed solvent (CDCl3/CD3OD ) 90/10 wt/wt)
at 20 °C. The polymer concentrations were 200 mM (monomer
unit).

Figure 3. Plot of the optical rotation of (a) (9) poly(1a-co-2),
(b) poly(1b-co-2), (2) poly(1c-co-2), ([) poly(1f-co-2), and (0)
poly(1g-co-2) and (b) (O) poly(1d-co-2) and (4) poly(1e-co-2)
against the feed content of monomer 2 (in CHCl3 at room
temperature).
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for poly(1b-co-2) when the feed content of 2 was below
50%. When comonomers (1f and 1g) having longer alkyl
groups were employed, the copolymers maintained their
rich chiroptical properties even at a low feed content of
2. However, even these copolymers also lacked chirality
when the feed content of 2 was lower than 10%. The
R-branched comonomer 1d, behaved similarly (Figure
3b). In contrast, the copolymers derived from 1e bearing
a â-branched alkyl chain clearly displayed a positive,
nonlinear relationship between the optical rotation and
the feed ratio. A very large optical rotation (ca. -2000°)
that is much larger than that of poly(2) was attainable
when the feed content of 2 was 15-50%. Even a 5% feed
of the comonomer 2 produced a copolymer having a quite
large optical rotation (-1160°) (the reason for the larger
chiroptical properties of poly(1e-co-2) (1e/2 ) 10/90-
50/50 in feed) than that of poly(2) is discussed below).

These data lead to the following conclusions. The
increase in the side-chain length enhances the persis-
tence length of the helical domain. However, linear alkyl
side chains are not bulky enough to maintain the helical
conformation even if their length is extended. Introduc-
tion of the branched structure at the R carbon is also
inadequate for the construction of a stable helical
conformation although i-Pr groups are apparently bulkier
than linear alkyl chains. Thus, monomers 1a-1d, 1f,
and 1g bearing linear or R-branched alkyl chains give
disordered, randomly coiled main chains. However, the
copolymers based on these comonomers showed very
large optical rotation in the case of the high feed content
of 2 that has a â-branched alkyl chain. Thus, polymers
having â-branched alkyl chains adopt a helical confor-
mation with a long persistence length. This idea is
supported by the nonlinear effect on the copolymeriza-
tion of 1e with 2. As described above, the side chain
significantly affects the stability of the hydrogen bonds
constructed between the side chains, and the hydrogen-
bonds in poly(1e) and poly(2) are considerably stable
compared with those of polymers bearing linear or
R-branched side chains. Therefore, the highly stabilized
hydrogen bonds for poly(1e) and poly(2) enhance the
main-chain rigidity and the stability of the helical
conformation. This means that both van der Waals
interactions and hydrogen bonds stabilize the helical
conformation. However, as demonstrated below, even
the copolymers based on monomer 1e as well as poly(2)
were not able to stay in the helical conformation in
solvents than can hydrogen bond with amide groups;
no CD effects were observed for poly(2) in methanol,
DMF, and THF. This means that, without the contribu-
tion of the hydrogen bond, the van der Waals interac-
tions alone cannot induce the helical conformation.
Thus, as with biopolymers, hydrogen bonds and van der
Waals interactions control the conformation of poly(N-
propargylalkylamides).

UV-Visible Spectroscopic Study. The UV-visible
spectroscopy of poly(N-propargylalkylamides) provided
very unique and important information on the polymer
conformation. As an example, the UV-visible spectra
of poly(1d), poly(1d-co-2) (1d/2 ) 50/50 in feed), poly-
(1e), and poly(2) are illustrated in Figure 4. As discussed
in the previous section, poly(1d) exists in a randomly
coiled state. This polymer displayed an absorption
centered at 320 nm. In contrast, the absorption of poly-
(1e) and poly(2) which adopt a helical structure was
located at 400 nm, and these polymers showed no
absorption maximum around 320 nm. In the case of the

copolymer ([R]D ) -1100°), both absorptions were
detected. This phenomenon might be explained hypo-
thetically that the segment derived from monomer 1d
simply shows an absorption at 320 nm and the units of
1e and 2 absorb 400 nm light. However, this hypothesis
can be readily ruled out by the following observations.
First, the peak intensity ratio of the copolymers of 1d
with 2 disagreed with the feed ratio of these comono-
mers. Second, a copolymer, poly(1d-co-2) (1d/2 ) 30/70
in feed), which possesses a very large optical rotation
(-1410°) comparable to that of poly(2), exhibited only
one absorption at 400 nm. Finally, clearer evidence is
the fact that a change in temperature yielded a drastic
change in the UV-visible spectrum of the copolymer,
poly(1d-co-2) (1d/2 ) 50/50 in feed). For example, as
shown in Figure 5a, the decrease in temperature ampli-
fied the absorption at 400 nm, simultaneously decreas-
ing the intensity of the absorption located at 320 nm.
An isosbestic point was observed upon this temperature
change, and this thermally induced process was revers-
ible; the magnitude of the absorption at 400 nm de-
creased and that at 320 nm increased when the tem-
perature was increased. The absorption located at 400
nm therefore originates from the helical main-chain
chromophore and the other absorption around 320 nm
is due to the main-chain absorption in the disordered
state. The temperature dependence of the UV-visible
spectrum is explained by the increasing population of
the helical domain with decreasing temperature, which
is supported by the temperature-variable CD spectra.
As shown in Figure 5b, the magnitude of the Cotton
effect changed reversibly with temperature; decreasing
and increasing temperature increased and decreased the
intensity of the CD spectra, respectively. Therefore,
Figure 5a demonstrates that poly(1d-co-2) (1d/2 ) 50/
50 in feed) exists predominantly in a helical conforma-
tion at 3 °C, and adopts a disordered conformation at

Figure 4. UV-visible spectra of poly(1d), poly(1d-co-2) (1d/2
) 50/50 in feed), poly(1e), and poly(2) in CHCl3 at room
temperature.

Figure 5. Temperature-variable (a) UV and (b) CD spectra
of poly(1d-co-2) (1d/2 ) 50/50 in feed) in CHCl3.
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35 °C. This drastic conformational change takes place
in a very small temperature range (ca. 30 K). The
marked change in the viscosity index (R) of poly(1f) with
a small change in temperature (Table 1) is evidently
due to this thermally induced, drastic conformational
change.

This spectral change upon the temperature is ac-
companied by a change in the color of the polymer
solution. For example, a dilute CHCl3 solution of a
copolymer, poly(1d-co-2) (1d/2 ) 50/50 in feed), was
colorless at room temperature, but yellow in an ice-bath.
Poly(1f) and poly(1e) changed color between achromic
and yellow; a colorless solution of poly(1f) turned yellow
on cooling and lost its color reversibly on standing at
room temperature. A yellow solution of poly(1e) at room
temperature became achromic on heating but gradually
recovered its original yellow color when the heating was
stopped.24 Hence, poly(N-propargylalkylamide) is ther-
mochromic, which is driven by the conformational
change between a helix and a random coil.

Poly(N-propargylalkylamides) also achieved a solva-
tochromism. An example is clearly demonstrated in
Figure 6, where the solvent-driven conformational
change occurs. In CHCl3, poly(1e-co-2) (1e/2 ) 90/10)
exhibited a large optical rotation ([R]D ) -2060°),
intense CD effects, and an absorption around 400 nm.
In contrast, this copolymer showed no CD effects and
absorbed 320 nm light in methanol, which corresponded
to its achromatic methanol solution.

The above-mentioned assignment of the UV-visible
absorption provides a plausible reason for the larger
optical rotation of poly(1e-co-2) (1e/2 ) 10/90-50/50 in
feed) than that of poly(2). These copolymers and poly-
(2) exhibited identical UV-visible spectral patterns with
only one absorption at 400 nm. Therefore, both polymers
possess a high population of the helical structure, and
the content of the disordered state is negligibly small.
Therefore, the lower chiroptical property of poly(2) can
be explained by its unsatisfactorily biased screw sense.
As demonstrated in our previous paper, stereoregular
cis-transoidal poly(propiolic esters) with chiral side
chains can undergo a helix inversion by changing either
the temperature or solvent.25 In particular, the helix
inversion occurs readily for the polymers having a long
alkyl side chain. Thus, poly(2) that has long alkyl groups
may prefer the helix inversion more than poly(1e). The
sparingly populated, opposite screw sense probably

contributes to the poorer optical rotation of poly(2) than
that of poly(1e).

Thermodynamics of the Helical Conformation.
As mentioned above, poly(1e) and poly(2) possess a high
population of the helical domain and a negligible
amount of the disordered state, while the other ho-
mopolymers are randomly coiled. The intensity of the
absorption at 400 nm for poly(1e) did not change when
the temperature was below 30 °C. The absorption
coefficients of the disordered and helical conformations
were, thus, readily calculated to be 4040 and 6600
M-1‚cm-1, respectively. From the temperature-variable
UV-visible spectra, the temperature dependence of the
ratio of the helical to the disordered states was esti-
mated, which allowed the determination of the thermo-
dynamic parameters that govern the helix stability. The
free energy difference between the helical and disor-
dered states, ∆Gr,17 can be defined as

where K is the equilibrium constant for the transition
process from the disordered to the helical conformation.
The proportion of the helical to the disordered state
determines the constant K. Thus, the constant K is given
by

where Nh is the number of monomer units which exist
in a helical conformation and, similarly, Nr is defined
as the number of monomer units in the disordered state.
Nh and Nr are readily provided by the computational
deconvolutions of the UV-visible spectra. The thermo-
dynamic theory predicts

where ∆Hr and ∆Sr are the enthalpy and entropy
changes upon the transition from the disordered to the
helical state. The plot of -R ln K against the reciprocal
of temperature gave ∆Hr and ∆Sr. As an example, ∆Hr
and ∆Sr of poly(1d-co-2) (1d/2 ) 50/50 in feed) were
calculated to be -15.2 ( 1.44 kcal/mol and -54.4 ( 5.17
cal/mol‚K.26 Emphasis should be placed on these very
large, negatively signed entropy and enthalpy changes.
To the best of our knowledge, this is the first example
of the determination of ∆Hr and ∆Sr for the transition
process from the randomly coiled to a helical conforma-
tion of an artificial polymer.

Here, the secondary structure of stereoregular sub-
stituted polyacetylenes can be roughly but simply
pictured by the function of the dihedral angle of the
single bonds.25 The entropy difference, ∆Sr, relates to
the probability of encountering the helical conformation,
i.e., the relative range of the dihedral angle allowed for
giving the helical conformation. Semiflexible or rigid
substituted polyacetylenes should originally possess a
limited region of the dihedral angle available, which
consequentially yields a relatively high probability of
the conformation representing the helical backbone.
Indeed, the entropy and enthalpy losses for semiflexible
poly(hexyl propiolate) (the viscosity index, R ) 1.2 in
THF at 30 °C),27 determined by 1H NMR,28 were as
small as -0.73 ( 0.058 cal/mol‚K and -1.74 ( 0.14 kcal/
mol, respectively. On the other hand, for substituted
polyacetylenes with a flexible main chain such as the
polymers from monosubstituted aliphatic acetylenes, a

Figure 6. (a) CD and (b) UV-visible spectra of poly(1e-co-2)
(1e/2 ) 90/10 in feed) in methanol and CHCl3. ∆Gr ) -RT ln K

K ) Nh/Nr

-R ln K ) ∆Hr/T - ∆Sr
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wide region of the dihedral angle about the single bond
is allowed. The large entropy loss for poly(N-propargyl-
alkylamides) is, thus, explained by the low probability
of encountering the region of the dihedral angle which
offers the helical conformation. To give the helical
backbone, this large, negatively signed entropy change
is compensated by the negatively large enthalpy change.
In other words, bonding energy should be provided to
overcome the large entropy loss. In the present system,
the binding energy is given not only by the van der
Waals interaction but also by the hydrogen bond. This
situation is identical to that of the folding process of
proteins where the large entropy and binding energy
contributions are well-balanced.1

Conclusion

The stability of the helical conformation of poly(N-
propargylalkylamide) was explored by the homopolym-
erization of various achiral monomers and their co-
polymerizations with a chiral comonomer. A slight struc-
tural change of the pendant groups significantly influ-
enced the rigidity of the backbone, the stability of the
hydrogen bond and the helical conformation. Although
the polymers with linear or R-branched alkyl side chains
cannot exist in a helical conformation at ambient
temperature, introduction of a branched structure at the
â-carbon produces a helical conformation with a large
helical domain size. However, even the polymers with
â-branched side chains exist in the disordered state in
the absence of the hydrogen-bond contribution. Thus,
the conformation of poly(N-propargylalkylamides) is
strongly influenced by hydrogen bonds and van der
Waals interactions. Like the melting process of biopoly-
mers, the polymers readily undergo a helix-random coil
transition by reducing the contributions of the non-
covalent interactions, which is induced by external
stimuli such as a change in temperature and solvents.
This conformational change is accompanied by a change
in the UV-visible spectra. The polymers show thermo-
chromism and solvatochromism upon the change of the
conformation. The population of the helical and the
disordered states can be calculated by the UV-visible
spectra, which allows estimation of the thermodynamic
parameters that determine the profile of the helix.
These parameters clearly demonstrated the significant
contribution of the noncovalent interactions to stabiliza-
tion of the helical conformation of poly(N-propargyl-
alkylamides).

Experimental Section
General Data. The molecular weights and polydispersities

of the polymers were determined by using gel permeation
chromatography (eluent, chloroform; Shodex columns K804,
K805, and K806; calibrated by polystyrene standards). For
poly(1a), GPC measurements were carried out using a Tosoh
column TSK-Gel R-M, and the sample was eluted with water.
The molecular weight and polydispersity of poly(1a) were
estimated based on poly(ethylene glycol) standards. The
measurement of viscosity indexes was conducted at the NTT
Basic Research Laboratories or the Tokyo Institute of Technol-
ogy using GPC apparatuses with a Viscotec T60A viscometer
(eluent, THF). 1H NMR spectra were recorded with a JEOL
EX-400 spectrometer. CD spectra were measured in a quartz
cell (thickness 1 cm) using a Jasco J600 spectropolarimeter.
Specific rotations were determined with a Jasco DIP-1000
spectropolarimeter. UV-visible and IR spectra were recorded
with Jasco V-550 and Shimadzu FTIR-8100 spectrophotom-
eters, respectively. Melting points were measured on a Yanaco
micro melting point apparatus and were not corrected. El-

emental analyses were carried out using Yanaco CHN Corders
MD-2, MD-3, MD-5, and MD-6. Mass spectra were obtained
on a JEOL SX-102A instrument. THF was distilled from Na/
benzophenone under nitrogen. Other solvents and reagents
were used as received. (nbd)Rh+[(η6-C6H5)B-(C6H5)3] was
prepared according to the literature.19a (R)-3,7-Dimethyl-
octanoic acid was prepared by the hydrogenation of (R)-
citronellic acid in the presence of Pd/C.29 The monomers were
prepared by the condensation of the corresponding acyl
chlorides with propargylamine in the presence of pyridine in
ether. Purification of the monomers was carried out by the
SiO2 column chromatography (eluent; hexane/ethyl acetate).
Further purification was conducted by recrystallization from
hexane. Spectral data for new compounds were as follows.

N-Propargylacetoamide (1a). Yield: 39%; a white solid,
mp 90-91 °C. 1H NMR (CDCl3, 400 MHz): δ 2.03 (s, 3H), 2.24
(s, 1H), 4.04 (s, 2H), 6.20 (s, 1H). 13C NMR (CDCl3, 100 MHz):
δ 22.78, 28.99, 71.17, 79.54, 170.20. IR (KBr): 3227, 3083,
2116, 1637, 1569, 1302, 1253, 1097, 1028, 719 cm-1. Anal.
Calcd for C5H7NO: C, 61.86; H, 7.22; N, 14.43. Found: C,
61.72; H, 7.24; N, 14.36.

N-Propargylpropanamide (1b). Yield: 89%; a white
solid, mp 59-61 °C. 1H NMR (CDCl3, 400 MHz): δ 1.17 (t,
3H, J ) 8.0 Hz), 2.25 (q, 2H, J ) 8.0 Hz), 2.23 (d, 1H, J ) 2.4
Hz), 4.05 (dd, 2H, J ) 2.4, 5.4 Hz), 5.93 (s, 1H). 13C NMR
(CDCl3, 100 MHz): δ 9.57, 29.06, 29.32, 71.38, 79.61, 173.41.
IR (KBr): 3236, 3038, 2108, 1637, 1541, 1419, 1242, 1030, 708
cm-1. MS (EI): m/e 111 M+.

N-Propargylbutanamide (1c). Yield: 97%; a white solid,
mp 31-32 °C. 1H NMR (CDCl3, 400 MHz): δ 0.95 (t, 3H, J )
6.3 Hz), 1.62-1.69 (m, 2H), 2.17 (t, 2H, J ) 7.3 Hz), 2.22 (d,
1H, J ) 2.4 Hz), 4.05 (dd, 2H, J ) 2.4, 5.4 Hz), 5.71 (s, 1H).
13C NMR (CDCl3, 100 MHz): δ 13.68, 18.95, 29.06, 38.32,
71.45, 79.61, 172.61. IR (KBr): 3250, 2963, 1626, 1541, 1429,
1240, 891, 677, 542 cm-1. HRMS: calcd for C7H11NO (m/z),
125.0841; found, 125.0840.

N-Propargyl-2-methylpropanamide (1d). Yield: 92%; a
white solid, mp 68-70 °C. 1H NMR (CDCl3, 400 MHz): δ 1.16
(d, 6H, J ) 6.8 Hz), 2.22 (t, 1H, J ) 2.5 Hz), 2.37 (h, 1H, J )
6.8 Hz), 4.04 (dd, 2H, J ) 2.5, 5.4 Hz), 5.66 (s, 1H). 13C NMR
(CDCl3, 100 MHz): δ 19.42, 29.14, 35.41, 71.65, 79.67, 176.46.
IR (KBr): 3324, 2974, 2163, 1635, 1541, 1238, 1105, 846, 544
cm-1. HRMS: calcd for C7H11NO (m/z), 125.0841; found,
125.0841.

N-Propargyl-3-methylbutanamide (1e). Yield: 86%; a
white solid, mp 45-46 °C. 1H NMR (CDCl3, 400 MHz): δ 0.95
(d, 6H, J ) 6.3 Hz), 2.06-2.22 (m, 4H), 4.05 (dd, 2H, J ) 2.4,
5.4 Hz), 5.65 (s, 1H). 13C NMR (CDCl3, 100 MHz): δ 22.42,
26.15, 29.06, 45.74, 71.49, 79.56, 172.13. IR (KBr): 3229, 2989,
2118, 1637, 1546, 1421, 1248, 1030, 721 cm-1. HRMS: calcd
for C8H13NO (m/z), 139.0997; found, 139.0997.

N-Propargyloctanamide (1g). Yield: 68%; a white solid,
mp 72-73 °C. 1H NMR (CDCl3, 400 MHz): δ 0.88 (t, 3H, J )
6.8 Hz), 1.19-1.28 (m, 8H), 1.61-1.69 (m, 2H), 2.20 (t, 2H, J
) 7.8 Hz), 2.24 (t, 1H, J ) 2.8 Hz), 4.04 (dd, 2H, J ) 2.8, 5.3
Hz), 5.68 (s, 1H). 13C NMR (CDCl3, 100 MHz): δ 13.74, 22.30,
25.20, 28.64, 28.79, 28.84, 31.31, 36.14, 71.20, 79.28, 172.25.
IR (KBr): 3292, 3146, 1637, 1541, 1458, 698 cm-1. HRMS:
calcd for C11H19NO (m/z), 181.1467; found, 181.1466.

(R)-N-Propargyl-3,7-dimethyloctanamide (2). Yield: 86%;
a white solid, mp 44-46 °C. 1H NMR (CDCl3, 400 MHz): δ
0.86 (d, 6H, J ) 6.4 Hz), 0.93 (d, 3H, J ) 5.8 Hz), 1.14-1.31
(m, 6H), 1.50-1.53 (h, 1H, J ) 6.4 Hz), 1.95-1.97 (m, 2H),
2.20-2.23 (m, 2H), 4.05-4.06 (d, 2H, J ) 2.9 Hz), 5.71 (s, 1H).
13C NMR (CDCl3, 100 MHz): δ 19.61, 22.58, 22.65, 24.64,
27.88, 29.05, 30.77, 37.00, 39.00, 44.23, 71.46, 77.31, 172.30.
IR (KBr): 3229, 3077, 2928, 1637, 1550, 1421, 1246, 1030, 723
cm-1. [R]D (c ) 0.41 g/dL, CHCl3): +0.25°. HRMS: calcd for
C13H23NO (m/z), 209.1780; found, 209.1781.

Polymerization. The (co)polymerization was carried out
by using (nbd)Rh+[(η6-C6H5)B-(C6H5)3] as a initiator in dry
THF under the following conditions: [monomer]total ) 2.0 M,
[catalyst] ) 20 mM, 1 h, 30 °C. The resultant solution was
poured into methanol to precipitate the (co)polymers. This
precipitation procedure was carried out using ether for poly-
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(1b), poly(1c). and poly(1d) and hexane for poly(1a) and poly-
(1e). The resultant polymers were collected, filtered, and dried
under reduced pressure.
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